Plasmids containing the chromosome region of Escherichia coli encoding phoM, whose product is a positive regulator of alkaline phosphatase expression, were isolated from the Clarke and Carbon plasmid bank. A 9.9-kilobase EcoRI fragment of plasmid pLC17-39 (subcloned into pBR322) was able to complement both phoM and thrB mutations. Restriction fied. In this paper we report the isolation of a clone carrying the phoM gene and the identification of the phoM gene product in maxicells. The expression of the phoM gene was studied by using a phoM-IacZ protpin fusion constructed in these studies.
Escherichia coli has a very complex mechanism for the regulation of the uptake and metabolism of P,. When cells are starved for Pi at least 18 different genes are induced (30) .
One of these genes, phoA, encodes the enzyme alkaline phosphatase that cleaves organic phosphomonoesters to Pi. phoA expression is regulated by positive effectors (the products of the phoB, phoM, and phoR genes) and negative effectors (the products of the phoR, phoS, phoT, and phoU genes). The phoR gene product can act as either a positive or negative effector.
It has been proposed that the gene products of either phoM or phoR (during Pi growth limitation) induce the expression of phoB (12, 21, 25, 29) whose product induces the phoA expression (3, 32) . In phoR phoM+ mutant strains, alkaline phosphatase is synthesized constitutively without regard to the amount of Pi available to the cell (26, 27 (29) . The observation that phoB expression is enhanced in maxicells carrying phoR mutations (25) and that expression of phoB-lacZ (21) and phoB-cat (12) fusions closely parallels phoA expression supports this scheme. Both phoM phoR double mutants and phoB mutants are uninducible for phoA expression. Mutations in the phoS, phoT, and pst genes, which encode components of the highly specific Pi transport system, result in the constitutive synthesis of alkaline phosphatase (8, 10, 11, 31) as do mutations in the phoU locus (formerly called pho35) (1, 33) . The gene products of phoB (17, 25) , phoR (25) , phoS (1, 8, 11) , and phoU (A. Nakata, personal communication; D. Ludtke and A. Torriani, unpublished data) have been identi- fied. In this paper we report the isolation of a clone carrying the phoM gene and the identification of the phoM gene product in maxicells. The expression of the phoM gene was studied by using a phoM-IacZ protpin fusion constructed in these studies.
MATERIALS AND METHODS Media and chemicals. A morpholine propanesulfonatebuffered medium (MOPS) (20) was used with either 2 mM KH2PO4 (excess phosphate) and 0.1% glucose or 0.1 mM KH2PO4 (limiting phosphate) and 0.4% glucose. All other media and amino acid supplements used were as described previously (19) . Ampicillin, kanamycin, tetracycline, and chloramphenicol were used at concentrations of 50, 50, 20, and 200 ,ug/ml, respectively. The chromogenic substrates 5-bromo-4-chloro-3-indoyl phosphate p-toluidine for alkaline phosphatase and 5-bromo-4-chloro-3-indoyl-,-D-galactoside for P-galactosidase were each added to a concentration of 40 ,ug/ml. 5-Bromo-4-chloro-3-indoyl phosphate p-toluidine was obtained from Bachem Inc. (Torrance, Calif.). All other chemicals were obtained from Sigma Chemical Co., unless otherwise specified.
Bacterial strains, phage, and cloning vectors. All bacterial strains employed in these experiments are listed in Table 1 and were derivatives of E. coli K-12. Bacteriophage Plkc (laboratory stock) was used for transductions. The hybrid phages X plac Mu2 and X pMu5O7.3 used for the construction of the phoM-lacZ protein fusion were a gift of E. Bremer and are described below. The Clarke and Carbon colony bank (5) was obtained from G. Payle and maintained with dimethyl sulfoxide at -70°C. Plasmid pBR322 (bla+ tet+) (2) was donated by H. Inouye. Plasmid pMLB524 (bla+ lac'ZY') (22) is a derivative of pBR322 in which an EcoRI-AvaI fragment encoding the carboxyl-terminal end of LacZ (EcoRI) and the first 71 amino acids of LacY (AvaI) has been inserted in the EcoRI and AvaI sites of pBR322. A X vector, XNF1955 (att+ c1857 lac'ZY' Saml0O) (22) , which has a unique EcoRI site, was used to subclone the fusions. Plasmid pMLB524 and phage XNF1955 were obtained from Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was carried out at 120 V on 12.5% polyacrylamide slab gels (15 by 20 cm) with the buffer system of Laemmli (16) .
Samples were heated at 100°C for 5 min in sample buffer (0.0625 M Tris-hydrochloride [pH 6.8], 2% sodium dodecyl sulfate, 10% glycerol, 5% 2-mercaptoethanol, and 0.001% bromphenol blue) before loading onto the gel. Gels were prepared for autoradiography by using AutoFluor (National Diagnostics) as described by the manufacturer. Molecular mass standards (daltons) used were lysozyme (14,300), llactoglobulin (18,400), trypsinogen (24,000), pepsin (34,700), ovalbumin (45,000), and bovine serum albumin (66,000).
Plasmid-encoded proteins synthesized in maxicells were labeled with 100 ,uCi of L-355]methionine (1,058 Ci/mmol; New England Nuclear Corp.) for 90 min in MOPS medium with excess Pi and 0.4% glucose after irradiation of cells with UV light and incubation in medium containing cycloserine as previously described (24) . The recA strain, JK41, was used in these experiments.
DNA isolation and manipulations. Plasmid DNA used for screening trarisformants was isolated from 10-ml cultures as described previously (9) . For restriction analysis and in vitro mutagenesis, large quantities of plasmid DNA were isolated from chloramphenicol-amplified cultures treated with lysozyme and Triton X-100 followed by centrifugation to equilibrium in CsCl and ethidium bromnide (9) . Restriction endonuclease sites were determined after endonuclease digestions, which were done as recommended by the supplier (Bethesda Research Laboratories). The resulting fragments were analyzed by electrophoresis on 0.7% agarose gels with a Trisborate-EDTA buffer system. Ligations with T4 DNA ligase and transformations by the calcium chloride procedure were done as described by Maniatis et al. (18) .
Nuclease BAL Plasmid pLC17-39, which was chosen for further work, confers a level of alkaline phosphatase constitutivity (Table  2 ) characteristic of phoM+ phoR strains (27) .
phoM was subcloned into plasmid pBR322. Plasmid pMIl, which complements phoM (Table 2) , was constructed by ligation of EcoRI fragments of pLC17-39 with EcoRI-cleaved pBR322, transformation of strain BW1596 to ampicillin resistance, and screening for alkaline phosphatase-constitutive transformants. Restriction endonuclease analysis of pMIl showed that it contained a 9.9-kilobase (kb) EcoRI fragment from pLC17-39. A restriction endonuclease map of this plasmid is shown in Fig 1. The deletion of the entire thr operon in strain BW1596 was not complemented by the cloned DNA fragment in plasmid pMIl. However, the thrB mutation of strain C600 is complemented by this plasmid. It has been demonstrated previously that a 4-kb HindIII-EcoRI fragment carries the DNA encoding a majority of the thr operon including the promoter, thrA, thrB, and part of thrC (7, 14) . Comparison of the restriction endonuclease sites reported within this fragment with those found in the HindIII-EcoRI fragment (kb 12.2 to 14.2 in Fig.1 ) of pMIl indicate that the DNA encoding thrB and part of thrC is carried by pMI1, but the segment of DNA encoding thrA has been deleted in pMI1. From the results of the complementation studies described above and the similarity of the restriction sites within thrB, we have assigned the location of a portion of the thr operon (thr'A B C') to this region of cloned DNA in plasmid pMI1 (Fig. 1) .
Localization of the phoM gene. pMIl was subjected to HindIII digestion and religation. After screening the plasmid DNA of transformants for the loss of the 2-kb HindIII fragment, plasmid pMI37 was obtained (Fig. 1) . Transformation of the phoM phoR strain JK41 and subsequent assays of alkaline phosphatase activity showed that this plasmid complements the phoM mutation in this strain ( Table 2) . As expected, pMI37 was unable to complement the thr mutations of strain JK41 or C600. In a similar manner plasmids pMI10 and PM136 were isolated after endonuclease digestions of pMIl with BamHI and pMI10 with HpaI, respectively. Plasmid pMI10 was found to complement the phoM deletion mutation in strain JK41, but pMI36 did not (Table   2 ).
Exonuclease BAL 31 was also employed to generate deletions to further define the location of phoM. Plasmid pMI10 was cleaved with endonuclease BamHI and then subjected to BAL 31 digestion. At appropriate times, samples of the digestion mixture were taken and prepared for transformation. Strain JK41 was transformed with the mixtures of deletion plasmids. Several transformants were characterized by restriction endonuclease analysis of the plasmids they contained and by assays of alkaline phosphatase activity. Plasmids pMI42, 43, and 47 were isolated and found to encode a functional phoM gene product. Plasmid pMI41, however, was unable to complement the phoM mutation in strain JK41 (Table 2) . Restriction endonuclease analysis of these plasmids indicated that DNA midway between the two HpaI sites (kb 7 and 9 in Fig. 1 ) and to the left of these sites is required for synthesis of a functional phoM gene product (Fig. 1) .
To determine whether the Sall site of plasmid pMI43 was within the phoM gene, 4 base pairs were inserted at the Sall site by digestion with Sall, conversion of the 5' protruding ends of the fragment to flush ends, and religation. This insertion should result in a frameshift mutation causing the loss of PhoM activity if the Sall site was within the phoM gene. The resultant plasmid, pMI52, no longer contained a Sall site, but had acquired a PviuI site, which indicates the insertion of four base pairs at the original Sall site. This plasmid was found to be phoM+, as it complemented the phoM mutation of JK41 (Table 2) . Therefore, the Sall site of pMI43 is not within the phoM structural gene.
Identification of the phoM gene product. The synthesis of [35Sjmethionine-labeled, plasmid-encoded proteins was studied in maxicells. Maxicells carrying plasmid pMI42 produce four proteins with approximate molecular weights of 55,000, 49,000, 28,000, and 17,000 not synthesized in maxicells containing the vector pBR322 (Fig. 2, lanes a and   b) . The phoM' plasmids pMI43 and pMI47 did not synthesize the 49,000-dalton protein (Fig. 2, lanes c and d) . The phoM plasmid pMI41 encodes the synthesis of only the 17,000-dalton protein (Fig. 2, lane e) , but the phoM plasmid pMI36 encodes the 17,000-and the 28,000-dalton proteins (Fig. 2, lane f) . Proteins of molecular weights between 19,000 and 24,000 also appear to be encoded by plasmids carried by the maxicells. The 24,000-dalton protein was not synthesized by the maxicells carrying the phoM+ plasmid pMI47 (Fig. 2, lane d) . With shorter labeling periods the 19,000-to 24,000-dalton proteins were not observed, whereas the 55,000-dalton protein was always present. Therefore, the 55,000-dalton protein must be the product of the phoM gene.
Construction of a phoM-lacZ fusion. To determine the direction of transcription and study the regulation of the phoM gene, a protein fusion was constructed in which the lacZ gene encoding ,B-galactosidase was fused to the phoM promoter. This was accomplished by insertion of the hybrid phage, X plac Mu2, which carries the lacZ and lac Y structural genes, but lacks the lacZ transcriptional and translational start signals, into the phoM gene carried on plasmid pMI43.
Lac' A lysogens of strain JK41(pMI43) were isolated after infection with A plac Mu2 and X pMu5O7.3 on lactose minimal plates. Plasmid DNA was isolated from a pool of these lysogens and used to transform strain JK41. Ampicillin-resistant, Lac' transformants were selected on lactose minimal plates containing ampicillin and tested for their ability to produce alkaline phosphatase. Insertion of the K hybrid phage into the phoM gene of the plasmid renders the cell PhoM-, and therefore it does not produce alkaline phosphatase in the phoM phoR background. Plasmid pMI59 (Fig. 1 ) was isolated from a Lac', ampicillin-resistant transformant that did not synthesize alkaline phosphatase and was used for further studies.
Direction of transcription of phoM. Restriction analysis of pMI59 indicated that the lacZ gene (and therefore the phoM gene) is transcribed towards the thr operon encoded on plasmid pMIl. Because the clockwise order of the alleles in the area of phoM has been found to be trpR chiG phoM thrABC (28) , the phoM gene is transcribed in a clockwise direction on the circular E. coli chromosome.
Regulation of phoM synthesis. A 4.6-kb EcoRI fragment encoding the phoM promoter and a large portion of the lacZ gene was isolated from plasmid pMI59 and subcloned into the EcoRI site of plasmid pMLB524 and into phage XNF1955. The resulting plasmid pMI60 and phage XMZ1 carrying the phoM-lacZ fusion were introduced into strains with differing genetic backgrounds. Levels of 3-galactosidase were assessed in the wild type, phoB, phoR, phoR phoM double mutant, and phoU strains carrying the phoMlacZ fusion encoded by the plasmid pMI60 or the phage XMZ1.
In the phoB and the phoM phoR backgrounds the expression of the fusion encoded by the multiple-copy plasmid pMI60 was very nearly identical to that of the wild-type strain (32 U/4 x 108 cells). The level of 3-galactosidase synthesized in the phoR and phoU strains carrying pMI60 (44 U/4 x 108 cells) was nearly 30% higher than that of the isogenic wild-type strain.
The expression of phoM-lacZ fusion carried by the phage k MZ1, which was integrated at the A attachment site on the chromosome of the various mutant strains described above, gave different results from those of the strains with the fusion of the multiple-copy plasmid. Levels of 3-galactosidase synthesized in the phoB, phoM phoR, and phoR strains containing the single-copy fusion were nearly the same. The level in the phoU strain was nearly three times that of the wild-type strain (Table 3) . These results indicate that the product of the phoU gene acts either directly or indirectly as a repressor of the phoM expression.
To examine the effect of Pi limitation on phoM regulation, the wild-type strain MC4100 bearing the phoM-lacZ fusion carried by the plasmid or by the phage was derepressed by limiting Pi in the growth medium and then repressed by adding Pi to the culture. The expression of the phoM-lacZ fusion was followed throughout the derepression and repression phases of alkaline phosphatase synthesis. The amount of P-galactosidase activity encoded by the fusion on the plasmid (data not shown) and on the phage (Fig. 3) increased throughout the experiments, whereas alkaline phosphatase increased nearly 300-fold upon limitation of Pi in the medium and did not continue to increase after the addition of Pi. These results show that Pi limitation has no effect on phoM expression.
DISCUSSION
We have isolated a DNA fragment from the Clarke and Carbon colony bank which carries the phoM gene and a portion of the nearby thr operon. Difficulty arose in maintaining strains that harbored the original plasmid, pLC17-39. The plasmid was rapidly lost from cells whenever selective pressure was not maintained. pLC17-39 was kept in a thr strain on minimal plates without threonine. We experienced little difficulty maintaining subclones of the 9.9-kb EcoRI fragment of pLC17-39 in pBR322 and its derivatives on fresh plates containing ampicillin. Comparison of the restriction map of plasmid pMIl with that of a similar plasmid, pTHR32, isolated in the laboratory of A. Nakata (A. Nakata, personal communication) indicates that our plasmid may have deleted about 2 kb of DNA between the HindIII and Fig. 1 ) within the chromosomal DNA. Analysis of the deletion plasmids, the fusion joint of the phoM-lacZ fusion, and the plasmid with the 4-base-pair insertion with restriction endonucleases and alkaline phosphatase assays allowed us to localize the phoM gene to the DNA between the Sail and the AvaI sites of plasmid pMI47.
Maxicell protein synthesis governed by the plasmids showed that a 55,000-dalton polypeptide was encoded by the DNA required for complementation of the phoM gene. It is evident that the 49,000-dalton protein encoded by the DNA distal to phoM is not required for alkaline phosphatase synthesis in a phoM phoR background. Results of experiments described here do not eliminate the possibility that the 17,000-and 28,000-dalton proteins play a role in the PhoM+ phenotype. We are currently investigating this possibility. The high level of alkaline phosphatase activity resulting from the presence of the plasmid carrying the 4-base-pair insertion at the Sall site, pMI52 (compared with pMI43 in Table 2 ), may result from the presence of a negative regulatory element or a portion of the phoM promoter encoded in this region.
The finding that phoM expression is not controlled by changes in the extracellular Pi concentration was not totally unexpected because phoM-dependent synthesis (in phoR strains) of alkaline phosphatase is constitutive. In fact, the level of alkaline phosphatase in phoR strains was higher in glucose-starved cells in the presence of excess Pi than in Pistarved cells (Table 2) .
Studies with a phoM-lacZ fusion carried on a multicopy plasmid showed that effectors of the pho regulon (phoB, phoR, and phoU) had little or no effect on the expression of phoM. The 30% increase in phoM expression in both phoR and phoU mutant strain backgrounds does not appear to be significant. However, similar studies undertaken with the fusion carried by a phage X integrated at the X attachment site of the chromosome indicated that the phoU gene product was involved in the expression for phoM. A threefold increase in phoM expression was seen in the phoU mutant strain when compared with the level in the wild-type strain ( Table 3 ). The mode of this regulation of phoM expression by the phoU gene product is currently being examined.
